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We study high-energy neutrino production in inner jets of radio-loud active galactic nuclei (AGN),
taking into account effects of external photon fields and the blazar sequence. We show that the
resulting diffuse neutrino intensity is dominated by quasar-hosted blazars, in particular, flat spec-
trum radio quasars, and that PeV-EeV neutrino production due to photohadronic interactions with
broadline and dust radiation is unavoidable if the AGN inner jets are ultrahigh-energy cosmic-ray
(UHECR) sources. Their neutrino spectrum has a cutoff feature around PeV energies since target
photons are due to Lyα emission. Because of infrared photons provided by the dust torus, neutrino
spectra above PeV energies are too hard to be consistent with the IceCube data unless the proton
spectral index is steeper than 2.5, or the maximum proton energy is . 100 PeV. Thus, the simple
model has difficulty in explaining the IceCube data. For the cumulative neutrino intensity from
blazars to exceed ∼ 10−8 GeV cm−2 s−1 sr−1, their local cosmic-ray energy generation rate would
be ∼ 10–100 times larger than the local UHECR emissivity, but is comparable to the averaged
γ-ray blazar emissivity. Interestingly, future detectors such as the Askaryan Radio Array can detect
∼ 0.1–1 EeV neutrinos even in more conservative cases, allowing us to indirectly test the hypothe-
sis that UHECRs are produced in the inner jets. We find that the diffuse neutrino intensity from
radio-loud AGN is dominated by blazars with γ-ray luminosity of & 1048 erg s−1, and the arrival
directions of their ∼ 1–100 PeV neutrinos correlate with the luminous blazars detected by Fermi.
PACS numbers: 95.85.Ry, 98.54.Cm, 98.70.Rz, 98.70.Vc
I. INTRODUCTION
The likely discovery of astrophysical high-energy neu-
trinos has recently been reported from data acquired
with the Gton neutrino detector, IceCube. In 2012, two
PeV shower events were reported from the combined IC-
79/IC-86 data period, and a recent follow-up analysis of
the same data enabled the IceCube Collaboration to find
26 additional events at lower energies [1]. Interestingly,
for a E−2ν spectrum, the observed diffuse neutrino inten-
sity E2νΦνi = (1.2± 0.4)× 10
−8 GeV cm−2 s−1 sr−1 (per
flavor) is consistent with the Waxman-Bahcall bound [2],
which provides a benchmark intensity for neutrino astro-
physics. This intensity is much higher than the nucleus-
survival bound for sources of high-energy heavy nuclei [3].
High-energy neutrinos give an unambiguous signal of
high-energy cosmic-ray (CR) acceleration, and a few PeV
neutrinos probe CRs whose energy is ∼ 100 PeV per nu-
cleon above the knee of the CR spectrum at ∼ 3 PeV.
These results begin to open a new window on the high-
energy astroparticle universe.
Various possibilities have been proposed to explain
the IceCube signal (see, e.g., [4, 5]). Galactic scenarios
are being constrained by various CR experiments [6, 7].
Possible isotropic Galactic emission models have also
been constrained by the diffuse γ-ray background mea-
sured by Fermi, as well as sub-PeV γ-ray searches [7–
9]. Since there is no significant anisotropy toward the
Galactic Center, extragalactic scenarios are the most nat-
ural (although a fraction of the neutrino events could
come from Galactic sources). In any astrophysical sce-
nario, high-energy neutrinos are produced by hadronu-
clear (e.g., pp) [9] or photohadronic (e.g., pγ) [10] in-
teractions. In pp scenarios, as predicted before the Ice-
Cube discovery [11, 12], an enhanced intensity of neu-
trino signals above the CR-induced atmospheric back-
ground intensity in the IceCube data can be explained by
galaxy groups and clusters, and star-forming galaxies [9].
Galaxy groups and clusters host active galactic nuclei
(AGN), galaxy mergers, and have accretion and intra-
cluster shocks, and it is plausible that they are reservoirs
of ∼ 100 PeV CRs. CRs with ∼ 100 PeV energies could
also be produced in starburst galaxies with strong mag-
netic fields [9, 12] and/or by special accelerators, such as
broadline Type Ibc supernovae [9, 12, 13] and interaction-
powered supernovae [14]. On the other hand, pγ scenar-
ios, which naturally include candidate source classes of
ultrahigh-energy CRs (UHECRs), include AGN [15, 16]
and γ-ray bursts (GRBs) [17]. For AGN, IceCube al-
ready put interesting constraints on original predictions
of various models. For GRBs, although their neutrino
production efficiency can still be consistent with the Ice-
Cube signal, stacking analyses by IceCube have given in-
teresting limits on this possibility [4, 18]. Different GRB
2classes, such as low-luminosity GRBs [19, 20], are possi-
ble as viable explanations of the IceCube data, and they
may give contributions larger than that from classical
long-duration and short-duration GRBs [21, 22].
AGN are powered by supermassive black holes, and
∼ 10% of them are accompanied by relativistic jets.
They are the most prominent extragalactic sources in
γ rays. A significant fraction of the diffuse γ-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of γ-ray sources.
The blazar class has been investigated over many years
as sources of UHECRs and neutrinos [16, 25–27].
The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the γ-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the diffuse γ-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.
In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ∼ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.
In previous works on the diffuse neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that pγ in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has difficulty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].
Throughout this work, Qx = Q/10
x in cgs units. We
take Hubble constant H0 = 70 km s
−1 Mpc−1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by ΩΛ = 0.7 and Ωm = 0.3,
respectively.
II. BLAZAR EMISSION
In general, the observed blazar SED consists of sev-
eral spectral components produced in different regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for pγ
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region in the jet. Second, there are
accretion-disk photons that enter the jet directly or after
being scattered by electrons in the surrounding gas and
dust. Provided that the jet location is & 1016 cm and
the Thomson-scattering optical depth is & 0.01, the di-
rect accretion-disk component can be neglected [25, 41].
The third component is the broad AGN atomic line radi-
ation; this emission component is especially relevant for
PeV neutrino production in QHBs. Fourth, there is IR
emission from the dust torus. A schematic diagram is
shown in Fig. 1 and the SEDs of blazars are shown in
Fig. 2 as a function of the radio luminosity at 5 GHz
(L5GHz). Note that we regard the SEDs as functions of
L5GHz (see Table 1), and that the radio luminosity itself
is irrelevant for our calculations since CRs do not inter-
act with such low-energy photons. There is uncertainty
in modeling those four components but our systematic
approach is reasonable for the purpose of obtaining neu-
trino spectra.
A. Nonthermal emission from the inner jet
Multiwavelength radio through γ-ray observations
have indicated several interesting features in blazar
SEDs, the most prominent of which is a double-
humped structure. The SEDs of high synchrotron-
peaked (HSP) [42] BL Lac objects and radio galaxies
are usually well fit with the SSC model consisting of
synchrotron and SSC components that account for the
low- and high-energy humps, respectively. In contrast,
the SEDs of LSP BL Lac objects and FSRQs are gen-
erally well fit with the external inverse-Compton model,
3!""#$%&'()*+,(
-./0(12(
)3+4(4&#3+(
-562(
7#&!)8*'$(#$9*&'(
-&:40(./2(
"&+;*"(#!<(
78!=!#(=&'$(
-7#&!)7!')2((
FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.
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FIG. 2: Continuum blazar SED emission components con-
sidered in this work. The sold, dotted, and dashed curves rep-
resent the nonthermal continuum jet radiation, the accretion-
disk radiation, and the IR radiation from the dust torus, re-
spectively. From top to bottom, the radio luminosity at 5 GHz
is given by log(L5GHz) =47, 46, 45, 44, 43, 42, and 41, in units
of erg s−1.
which requires Compton scattering components associ-
ated with external radiation fields, in addition to the
synchrotron and SSC components. The synchrotron and
Compton peak energies decrease with increasing bolo-
metric luminosity, and this behavior is termed the blazar
sequence [29–31]. Although the validity of the blazar
sequence is still under debate due to possible selection
biases [43], the phenomenological SED-luminosity corre-
lations provide a method to characterize the broad range
of blazar SEDs from the least to most luminous.
We define the apparent bolometric radiation luminos-
ity of the jet, integrated over all frequencies, as Lrad.
The γ-ray luminosity integrated above 100 MeV is de-
noted by Lγ . Note that only a fraction of the kinetic and
magnetic-field luminosity is dissipated into radiation, and
the ratio of the total radiation luminosity, Lrad, to the
sum of proton, electron and magnetic-field luminosity is
typically assumed to be ∼ 0.1 [32, 44]. For an on-axis ob-
server who measures the radiation from a spherical blob
moving with the Lorentz factor Γ, the absolute radiation
power is ∼ Lrad/Γ
2 (for details, see, e.g., [26]).
In the blob formulation, where the relativistic blob is
spherical in its comoving frame, the comoving size of the
blob is lb ≈ Γcδt
′, assuming that the Doppler factor ≈ Γ.
Here δt′ is the variability time in the black-hole frame,
and the typical dissipation radius is estimated to be rb ≈
Γlb. Then the energy density of target photons in the
comoving frame is
Ur ≈
3Lrad
4piΓ4l2bc
, (1)
which is consistent with the result of the wind formula-
tion Lrad/(4pir
2
bΓ
2c) except for a factor of order unity. In
the wind formulation, which is usually used in the context
of GRBs, it is supposed that the central engine produces
a relativistic outflow with isotropic-equivalent radiation
luminosity Lrad. The comoving photon spectrum is given
by
nε =
3Pε
4pil2bcε
≈
3LE′
4pir2b cE
′
, (2)
where ε is the comoving photon energy and Pε is the co-
moving luminosity differential in photon energy. Also,
E′ ≈ Γε and E′LE′ ≈ Γ
4εPε is the photon energy and
luminosity in the black-hole frame. Note that primes
are used for quantities in the rest frame of the black
hole, while unprimed quantities are defined in the ob-
server frame or the fluid comoving frame. For example,
E′ is the energy in the black-hole rest frame, E is the
energy in the observer frame, and ε is the energy in the
comoving frame.
B. Emission from the accretion disk
In standard accretion-disk theory [45], emission from
the accretion disk consists of multicolor blackbody radia-
tion and an X-ray component from hot plasma surround-
ing the black hole that Comptonizes the UV accretion-
disk radiation. The big blue bump in the UV range is
attributed to this multicolor blackbody component (con-
sisting of contributions from different temperature re-
gions), although this bump is generally not observed in
the SEDs of BL Lac objects, either because it is very
weak, or hidden by the strong beamed nonthermal con-
tinuum radiation (e.g., [43, 46]). When the accretion disk
is radiatively inefficient, which is more plausible for low-
luminosity AGN, including BL Lac objects, other mecha-
nisms such as bremsstrahlung and synchrotron radiation
are relevant.
All external radiation fields, including broadline and
dust components, are related to the accretion-disk lumi-
nosity. In this work, we adopt log(Lrad/LX) = 4.21 using
the phenomenological relationship between the bolomet-
ric radiation luminosity of the jet (Lrad) and the 2-10 keV
X-ray disk luminosity (LX) [36]. The constant of propor-
tionality is determined by modeling the observed γ-ray
4luminosity function through the observed X-ray disk lu-
minosity function [34–36]. Then the 2-10 keV X-ray disk
luminosity is connected to the bolometric accretion-disk
luminosity (LAD) using the results of Lusso et al. [47].
The accretion-disk SEDs are taken from Elvis et al. [48].
We only consider energies above∼ 1 eV for the accretion-
disk radiation, because the accretion disk has a hard
spectrum with E′LE′ ∝ E
′4/3 below the peak energy [45],
so the number of disk photons decreases with decreasing
energy. Consequently the IR emission from the dust torus
becomes the dominant radiation field below 1 eV.
Following Refs. [25] and [26], we make the assump-
tion that the radiation field is locally isotropic. This
assumption becomes poor if the dissipation radius rb is
small and the radiation energy density is dominated by
anisotropically distributed photons impinging from be-
hind. Provided that the emission region is located inside
the BLR where radiation from the accretion disk is re-
processed, but & 1016 cm, as previously noted, this as-
sumption gives a reasonably good approximation. In this
case, the Thomson scattering optical depth of the BLR
is given by
τsc ≈ nˆeσT rBLR ≃ 0.021 nˆe,4.5rBLR,18, (3)
where nˆe is the electron density in the BLR [49] and rBLR
is the BLR radius (see the next subsection). Through-
out this paper, we take τsc = 0.01, following previous
work [50, 51]. Although τsc is uncertain, as long as
τscLAD . LBL ≈ 0.1LAD (where LBL is the broadline lu-
minosity), our results are not sensitive to this assumption
since broadline and dust torus emission is more relevant
for neutrino production than scattered accretion-disk ra-
diation.
The energy density of scattered photons in the jet co-
moving frame is given by
UAD ≈ Γ
2 τscLAD
4pir2BLRc
, (4)
and the comoving photon spectrum by
nε ≈
τscΓ
2E′LE′
4pir2BLRcε
2
≈
τscLE′
4pir2BLRcE
′
, (5)
where ε ≈ ΓE′ is used instead of ε ≈ E′/Γ, since external
photon fields are isotropic in the black-hole rest frame.
C. Broadline emission from gas clouds
Broadline emission originates in numerous small, cold,
and dense gas concentrations, which are photoionized by
the UV and X-rays emitted from the accretion disk and
hot plasma. The key point of this work is to include
effects of interactions between CRs and broadline radia-
tion [25, 26].
The typical BLR radius is estimated to be [32]
rBLR ≈ 10
17 cm L
1/2
AD,45. (6)
The BLR luminosity is related to the accretion-disk lu-
minosity through the expression
LBL ≈ fcovLAD, (7)
where fcov is the covering factor [52]. In this work, we
take fcov = 0.1 [32, 52]. The broadline emission consists
of atomic lines and continua, with the continuum radia-
tion accounting for a small fraction of the total broadline
emission. For simplicity, neglecting continua due to free-
bound emission, we consider two atomic lines, namely H
I and He II Lyα emission, and we use the above relation
for the H I Lyα luminosity, which is the most important
line [53]. We also take LBL/LAD = 0.5fcov for the He
II Lyα luminosity [54], but even with this large line lu-
minosity, the results are only weakly affected due to the
small number of He II Lyα photons.
The energy density of broadline emission in the jet
comoving frame is
UBL ≈ Γ
2 LBL
4pir2BLRc
. (8)
The target photon spectrum in the comoving frame is
nε∆ε ≈
Γ2LBL
4pir2BLRcεBL
, (9)
where ∆ε is the line width and εBL ≈ ΓE
′
BL is the typical
energy of broadline emission. The photon energies of H
I Lyα and He I Lyα photons are E′BL = 10.2 eV and
E′BL = 40.8 eV, respectively.
D. Infrared emission from the dust torus
We also consider emission from a dust torus, seen in
AGN SEDs as an IR feature, which is essentially repro-
cessed accretion-disk radiation. The typical radius of the
dust torus is
rDT ≈ 2.5× 10
18 cm L
1/2
AD,45. (10)
[32, 55–57], and the IR luminosity is estimated to be
LIR ≈ 0.5LAD. (11)
The energy density of IR photons in the comoving jet
frame is given by
UIR ≈ Γ
2 LIR
4pir2DTc
. (12)
The target photon spectrum in the comoving frame is
given, as in the case of the scattered accretion-disk com-
ponent, by Eq. (5). The typical temperature of the dust
torus is TIR ∼ 100–1000 K [56, 58]. Here we approx-
imate the IR radiation by a graybody spectrum with
TIR = 500 K, and with energy density given by Eqs. (11)
and (12). In the graybody approximation, the spectral
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FIG. 3: Example of energy spectra of target photons in the
comoving jet frame for a blob with Γ = 10, δt′ = 105 s, and
L5GHz = 10
45 erg s−1. Broadline emission is plotted assuming
∆ log ε = 0.1.
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FIG. 4: Target photon density in the comoving frame of
the blob. Here we assume that Γ = 10 and δt′ = 105 s.
The broadline emission is plotted with ∆ log ε = 0.1, but its
detailed shape does not affect calculations of neutrino spectra.
The legend gives the 5 GHz radio luminosity L5GHz in units
of erg s−1.
shape is assumed to be the same as a blackbody but
the normalization is given by UIR. Note that UIR/aT
4
IR
should be less than unity, where a is the radiation con-
stant. Although the realistic spectrum is affected by the
dust emissivity spectral index (∼ 2), it does not change
our results on neutrino production thanks to contribu-
tions from multipion production.
Figs. 3 and 4 illustrate the model target photon spec-
trum in the comoving frame. Separate components that
contribute to the comoving photon spectrum are shown
in Fig. 3 for L5GHz = 10
45 erg s−1. The total comov-
ing photon spectrum is shown as a function of L5GHz
in Fig. 4. Note the disappearance of broad lines with
decreasing luminosity. One sees a bump in the case of
L5GHz = 10
43 erg s−1, noting that IR emission from the
dust torus can be relevant when rb < rDT.
TABLE I: Luminosities in the blazar sequence model [36], and
corresponding luminosities of the accretion-disk model [47,
48], in units of erg s−1. Note that Lrad is defined as the
apparent, bolometric radiation luminosity of the jet.
L5GHz Lγ Lrad LX LAD
1041 1045.60 1045.80 1041.59 1042.53
1042 1045.86 1046.16 1041.95 1042.94
1043 1046.08 1046.56 1042.35 1043.40
1044 1047.76 1048.00 1043.79 1045.12
1045 1048.79 1049.11 1044.90 1046.49
1046 1049.61 1050.07 1045.86 1047.70
1047 1050.26 1050.92 1046.71 1048.79
III. NEUTRINO PRODUCTION
In this work, we calculate neutrino spectra following
the technique described by Murase [59]. Details on the
method of calculation are presented in the Appendix. We
use numerical descriptions of the target photon fields as
described in the previous sections. Whereas numerical re-
sults are presented in the figures, analytical estimates are
used in the text to provide a brief check and explanation
of the numerical results. Throughout the paper, we as-
sume Γ = 10 and δt′ = 105 s. We do not perform param-
eter surveys because the numerical calculations are time
consuming. Our study is nevertheless sufficient to reveal
the effects of external photon fields on neutrino produc-
tion, and to derive the diffuse neutrino background using
the blazar sequence.
A. Acceleration and cooling of cosmic rays in the
blob
We assume that the CR spectrum is a power-law pro-
ton spectrum with spectral index s. The comoving CR
luminosity per logarithmic CR proton energy is given by
εpPεp ≈ E
′
pLE′pΓ
−4 ≡ (Lcr/Rp)Γ
−4, (13)
where
R−1p =
s− 2
1− (εmp /ε
M
p )
s−2
(
εp
εmp
)2−s
(14)
for s > 2,
R−1p =
1
ln(εMp /ε
m
p )
(15)
for s = 2, εmp is the minimum proton energy, and ε
M
p is
the maximum proton energy. Compared with the blob
formulation for blazars, note that for GRB blast waves,
the isotropic luminosity in the wind comoving frame is
6≈ Lcr/Γ
2 [60]. As in GRBs, we introduce the CR (or
nonthermal baryon) loading factor by [60]
ξcr ≡
Lcr
Lrad
. (16)
As seen below, we need (depending on s) ξcr ∼
1–100 to achieve the local CR energy budget of ∼
1044 erg Mpc−3 yr−1 at 1019 eV, which is required for
the sources of UHECRs (see [23] and references therein).
If the radiative efficiency is similar in GRBs and blazars,
it is natural to assume that the same CR acceleration
mechanism leads to similar values of ξcr. However, mod-
eling of the blazar emission suggests that the radiative
efficiency may be lower at higher luminosities [32, 44],
implying that ξcr weakly increases as Lrad. Throughout
this work, we consider the simplest assumption that ξcr
is independent of Lrad, and similarly for GRBs.
The maximum energy of accelerated CRs is estimated
by comparing the acceleration time (tacc) with the cool-
ing time (tc) and dynamical time (tdyn ≈ lb/c) in the
acceleration zone. In QHBs, the photomeson process is
usually the most important proton cooling process, and
its energy-loss time scale (in the comoving frame of the
jet) is given by [17, 61]
t−1pγ (εp) =
c
2γ2p
∫ ∞
ε¯th
dε¯ σpγ(ε¯)κp(ε¯)ε¯
∫ ∞
ε¯/2γp
dε ε−2nε, (17)
where ε¯ is the photon energy in the rest frame of pro-
ton, γp is the proton Lorentz factor in the comoving
frame, κp is the proton inelasticity, and ε¯th = 145 MeV
is the threshold photon energy for photomeson produc-
tion. Numerical results of t−1pγ are shown in Figs. 5-8,
as well as energy-loss time scales of the Bethe-Heitler
electron-positron pair production (Bethe-Heitler), proton
synchrotron emission (syn), and proton inverse inverse-
Compton scattering (IC) processes.
The acceleration and synchrotron cooling time scales
depend on the magnetic field strength. In this work, we
assume that the leptonic scenario accounts for the origin
of blazar γ-ray emission. The leptonic scenario is more
widely accepted and furthermore allows lower jet pow-
ers and generally weaker magnetic fields than hadronic
models. The Compton dominance
AC ≡
LCrad
Lsrad
≈
Usyn + Uext
UB
(18)
is expressed as the ratio of the luminosity LCrad of the
γ-ray hump, assumed to result from Compton scatter-
ing, to the synchrotron luminosity Lsrad. Here Usyn is
the energy density of synchrotron photons and Uext =
UAD + UBL + UIR is the energy density of external radi-
ation fields, where UB = B
2/8pi is the magnetic field en-
ergy density. This approximation becomes poorer when
Klein-Nishina effects are relevant, as for HSP BL Lac ob-
jects, but is accurate for QHBs, giving a good estimate on
magnetic fields in the jet comoving frame. The magnetic-
field strength is found to lie in the range of B ∼ 0.5–5 G
for QHBs and B ∼ 0.1–1 G for BL Lac objects, respec-
tively, which are consistent with detailed modeling results
for the leptonic scenario (e.g., [27, 32, 53]). Even for
stronger magnetic fields, our conclusions regarding PeV
neutrinos remain essentially unchanged, although higher-
energy neutrinos can then be more readily produced. The
CR acceleration mechanism in the inner jets of blazars
is very uncertain, and not only the shock acceleration
mechanism but also stochastic acceleration, shear accel-
eration, and magnetic reconnection may operate. Thus,
for simplicity, we characterize the acceleration time by
tacc = ηεp/(eBc), with η = 1. Although η = 10 may be
more reasonable (e.g., [62]), our results on PeV neutri-
nos are not affected unless η & 104, as can be seen from
Figs. 5 and 6.
Figs. 5 and 6 show that photohadronic cooling coun-
teracts acceleration to limit the maximum CR proton en-
ergy in QHBs. Acceleration of protons to εp ∼ 10
10 GeV
through Fermi processes is difficult not only because of
photomeson production processes, but also due to the
Bethe-Heitler electron-positron pair production process
resulting from interactions between protons and syn-
chrotron photons. In Fig. 5, the Bethe-Heitler process is
more relevant than the photomeson production process
for εp ∼ 10
7–1010 GeV. For εp ∼ 10
6–107 GeV, the dom-
inant energy loss process is instead the photomeson pro-
duction in CR interactions with broadline photons. The
broadline emission is a relevant target photon source as
long as rb < rBLR—provided that the BLR exists—which
is only guaranteed for high-power AGN such as QHBs.
As can be seen from Fig. 4, the BLR contribution disap-
pears for L5GHz . 10
44 erg s−1, or Lrad . 10
48 erg s−1.
In Fig. 6, due to broadline photons, the Bethe-Heitler
process is dominant for εp ∼ 10
4–105 GeV.
In Fig. 7, with Lrad = 10
46.56 erg s−1, broadline emis-
sion is not important, and acceleration to high energies
is instead limited by the dynamical time. Acceleration
to higher energies than in the previous cases for QHBs,
although εp & 10
10 GeV is not achieved, may be al-
lowed because internal synchrotron photons do not hin-
der acceleration. At εp ∼ 10
6–109 GeV, the external IR
emission plays the central role as a target photon source
for photomeson production and Bethe-Heitler processes,
provided that particle acceleration takes place in IR ra-
diation fields from the dust torus, namely for rb < rDT.
Fig. 8, with Lrad = 10
45.8 erg s−1, shows that for low-
luminosity AGN, which include HSP BL Lac objects, ex-
ternal radiation fields are negligible and photomeson pro-
duction is not efficient. This would suggest that accel-
eration to very high energies is possible, but luminosity
limits on Fermi acceleration restrict proton acceleration
to the highest energies. The available time to accelerate,
as reflected in the dynamical time, likewise limits accel-
eration to εp . 10
9.3 GeV. These results are consistent
with the results of Murase et al. [27] when one takes into
account the different time scales used. They find, on the
basis of the Hillas condition with parameters from SSC
models, that only nuclei are capable of being accelerated
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FIG. 5: Proton cooling, acceleration, and dynamical time
scales in the jet comoving frame. Legend labels the dif-
ferent time scales, including The case of luminous QHBs
with L5GHz = 10
47 erg s−1, corresponding to Lrad =
1050.92 erg s−1, is shown. Note that εp is defined in the co-
moving frame of the blob and Γ = 10 is assumed.
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FIG. 6: Same as Fig. 5, but for QHBs with L5GHz =
1045 erg s−1, corresponding to Lrad = 10
49.11 erg s−1.
to E′p & 10
20 eV, although a more luminous case con-
sidered here leads to a bit stronger magnetic field.
The maximum CR proton energies for blazars with dif-
ferent Lrad are summarized in Table 2. Even with η = 1,
in the leptonic scenario, the highest-energy CR protons
with E′
M
p & 10
20 eV energies cannot be from blazars. Al-
ternately, the blazar origin of UHECRs requires a transi-
tion from protons to heavy nuclei at particle energies of
E′
M
p ≈ 10
19–1020 eV, irrespective of whether they origi-
nate from high-luminosity QHBs, or intermediate or low-
luminosity BL Lac objects.
B. Neutrinos from the blazar zone
As sketched in Fig. 1, we divide the neutrino produc-
tion calculation into two parts, namely the Blazar Zone
and the BLR/Dust Torus. The blazar zone refers to the
region where internal synchrotron and inverse-Compton
photons are generated by nonthermal electrons. In this
region, CR ions may also be accelerated and they should
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FIG. 7: Same as Fig. 5, but for LSP BL Lac objects
with L5GHz = 10
43 erg s−1, corresponding to Lrad =
1046.56 erg s−1.
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FIG. 8: The same as Fig. 5, but for HSP BL Lac objects with
L5GHz = 10
41 erg s−1, corresponding to Lrad = 10
45.8 erg s−1.
interact with both internal and external radiation fields
during the dynamical time. Internal nonthermal emission
produced in the jet is referred to as the jet component.
We consider the jet component first.
When the spectrum of internal synchrotron photons is
approximated by a power-law, the photomeson produc-
tion efficiency is estimated using the rectangular approx-
imation to the photohadronic cross section to be
fpγ(E
′
p) ≈
tdyn
tpγ
≃
2κ∆σ∆
1 + β
∆ε¯∆
ε¯∆
3Lsrad
4pirbΓ2cE′s
(
E′p
E′bp
)β−1
,
(19)
where σ∆ ∼ 5 × 10
−28 cm2, κ∆ ∼ 0.2, ε¯∆ ∼ 0.34 GeV,
∆ε¯∆ ∼ 0.2 GeV, and E
′b
p ≈ 0.5Γ
2mpc
2ε¯∆/E
′
s. For ex-
ample, using parameters of BL Lac objects with Lsrad ∼
1045 erg/s and E′s ∼ 10 eV, we have
fpγ(E
′
p) ∼ 7.8× 10
−4Lsrad,45Γ
−4
1 δt
′−1
5 (E
′
s/10 eV)
−1
×
{
(E′ν/E
′b
ν)
βh−1
(E′p ≦ E
′b
p)
(E′ν/E
′b
ν)
βl−1
(E′bp < E
′
p)
(20)
where βl ∼ 1.5 and βh ∼ 2.5 are the low-energy and high-
energy photon indices, respectively. Note that contribu-
8TABLE II: Maximum proton energy E′
M
p ≈ Γε
M
p as a func-
tion of L5GHz or Lrad. Note that results on PeV neutrino
production is not sensitive as long as E′
M
p is high enough.
L5GHz [erg s
−1] Lrad [erg s
−1] E′
M
p [GeV]
1041 1045.80 1010.6
1042 1046.16 1010.6
1043 1046.56 1010.8
1044 1048.00 1010.6
1045 1049.11 1010.5
1046 1050.07 1010.1
1047 1050.92 109.9
tions from various resonances and multipion production
become crucial for hard photon indices of β . 1. The
neutrino energy corresponding to E′
b
p is
E′
b
ν ≈ 0.05E
′b
p ≃ 80 PeV Γ
2
1(E
′
s/10 eV)
−1
, (21)
which is typically higher than 1 PeV and Glashow res-
onance energy at 6.3 PeV (for electron antineutrinos),
except for HSP BL Lac objects with E′s ∼ 1 keV. Noting
that E′s is lower for more luminous blazars, we conclude
that the jet component typically leads to production of
very high-energy, ≫ 1 PeV neutrinos.
For fpγ < 1 (which is typically valid for PeV neutrino
production in the blazar zone), the neutrino spectrum is
approximated by
E′νLE′ν ≈
3
8
fpγE
′
pLE′p
∝
{
fpγ(E
′b
p)(E
′
ν/E
′b
ν)
1+βh−s
(E′ν ≦ E
′b
ν)
fpγ(E
′b
p)(E
′
ν/E
′b
ν)
1+βl−s
(E′
b
ν < E
′
ν)
(22)
This expression roughly agrees with numerical results on
the jet component, as clearly seen in Figs. 9 and 10 for
L5GHz = 10
41 erg s−1 and L5GHz = 10
42 erg s−1. We also
plot, with dotted curves, the differential neutrino lumi-
nosities for the jet component based on blazar parameters
given in Table I.
For low-luminosity BL Lac objects, which typically
have high synchrotron peak frequencies [42], only the jet
component is relevant. For intermediate luminosity BL
Lac objects and QHBs, however, external radiation fields
become important for PeV-EeV neutrino production. As
we have seen, even in the blazar zone, the most important
contribution to PeV neutrino emission comes from pho-
tohadronic interactions with BLR photons. Using the
effective cross section σeffpγ ≈ κ∆σ∆(∆ε¯∆/ε¯∆), the pho-
tomeson production efficiency in the blob is estimated to
be
fpγ ≈ nˆBLσ
eff
pγ rb ≃ 2.9× 10
−2 fcov,−1Γ
2
1δt
′
5, (23)
provided rb < rBLR. Here nˆBL ≃ 1.6× 10
9 cm−3 fcov,−1
is the number of broadline photons in the black-hole rest
frame, and we take E′BL ≈ 10.2 eV as the typical energy
of broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E′
b
p ≈ 0.5mpc
2ε¯∆/E
′
BL. Note that un-
less CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see
the next subsection). The corresponding neutrino energy
is crudely estimated to be
E′
b
ν ≈ 0.05(0.5mpc
2ε¯∆/E
′
BL) ≃ 0.78 PeV, (24)
although detailed calculations of pion and muon decay
are needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is
given by
E′νLE′ν ∝
{
fpγE
′
ν
2
(E′ν ≦ E
′b
ν)
fpγE
′
ν
2−s
(E′
b
ν < E
′
ν),
(25)
and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E′νLE′ν ∝ E
′2
ν is suggested from
the decay kinematics of charged pions [63]. In addition to
PeV neutrino production, ∼ 0.1–1 EeV neutrinos are pro-
duced via interactions between CR protons and IR pho-
tons from the dust torus. Using the peak photon energy
2.82kTIR, the characteristic neutrino energy is roughly
estimated to be
E′
b
ν ≃ 0.066 EeV (TIR/500 K)
−1. (26)
The relative importance of the jet component compared
to the BLR and dust components depends on Γ and δt′.
While internal synchrotron photons plays a major role
for EeV neutrino production as long as Γ and/or δt′ are
small enough, BLR photons are typically the most im-
portant for PeV neutrino emission. Note that electron
antineutrinos are produced as a result of neutron decay.
The typical neutrino energy is ∼ 0.48 MeV in the neu-
tron rest frame, which is much lower than the neutron
mass energy scale. Their energy flux is expected to be
lower than the energy flux of neutrinos from pion decay
especially for QHBs.
Note that pp neutrinos from the inner jet are likely to
be negligible. The (thermal) proton density in the in-
ner jet is estimated to be np ≈ 3Lkin/(4piΓ
4l2bmpc
3) ≃
1.9× 104 cm−3 Lkin,49.5Γ
−6
1 δt
′−2
5 , so the effective pp op-
tical depth is fpp ≈ κpσppnplb ≃ 2.2 × 10
−5 Γ−51 δt
′−1
5 ,
using κp ≈ 0.5 and σpp ≈ 8 × 10
−26 cm2 at ∼ 100 PeV.
As shown in Ref. [25], high proton densities are unlikely
in the γ-ray emission region especially because of ener-
getics arguments. In large scale jets, X-ray knots may
have column densities of NH ∼ 10
20–1022 cm2 [64]. But
the effective pp optical depth fpp ≃ 4×10
−5 NH,21 is still
low, and that one needs to take into account the covering
factor of the knots since only a part of the jet intersect
them. QHBs may have radio lobes, but their contribu-
tion to pp neutrinos is typically small due to their low
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FIG. 9: Differential luminosity spectra of neutrinos produced
in the blazar zone (dotted) and in the BLR and dust torus
(solid). The muon neutrino spectrum is calculated for s = 2.3
and ξcr = 100, with neutrino mixing taken into account. From
top to bottom, the curves refer to blazar sequence parameters
given in Table I (see also Fig. 2), with the top curve corre-
sponding to L5GHz = 10
47 erg s−1. Only five curves are shown
for the BLR/Dust Torus because blazars with the lowest lu-
minosities lack interactions with BLR and dust emission.
38
39
40
41
42
43
44
45
46
47
48
49
50
3 4 5 6 7 8 9 10 11
lo
g
(E
’ ν
L
E
’ ν
[e
rg
s
-1
])
log(E
’
ν [GeV])
BLR/DustTorus
Blazar Zone
quasar-hosted
blazars
BL Lac
objects
FIG. 10: Same as Fig. 9, except with s = 2.0 and ξcr = 10.
density [65]. There are some exceptions. CRs escaping
from AGN are confined in galaxies and galaxy assemblies
for a long time, and may produce neutrinos [11]. Another
possible exception is the vicinity of the accretion disk or
disk wind, where the density could be higher. But γ rays
would not escape from such compact regions, so we do
not consider such AGN core models in this work.
C. Neutrinos from the BLR and dust torus
If high-energy CRs including UHECRs come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoid-
ably interact with external radiation fields while they
propagate in the BLR and dust torus [26]. In this paper,
we consider power-law CR spectra (cf. [53]), and use a CR
escape fraction fesc = (1−min[1, tdyn/tc]) (recall that tc
is the cooling time scale). Although this is an optimistic
scenario of escape, it can be realized if the CRs reach the
BLR without additional significant losses, including adi-
abatic cooling. Such a scenario is also invoked in models
explaining PeV neutrinos and/or TeV γ rays by photo-
hadronic interactions in intergalactic space [27, 66, 67].
Other possible features of such a system, e.g., neutron
production and escape, or direct or diffusive escape of
CR protons within tdyn, may generate spectra of escaping
CRs that are too hard to accurately represent the mea-
sured high-energy CR spectrum [25, 26], or to explain
the IceCube data, but specific properties of this system
depend on blob dynamics, magnetic field properties, and
the presence of other acceleration processes that require
further studies.
The photomeson production efficiency in the BLR for
CR protons above the threshold for interacting with BLR
photons is estimated to be
fpγ ≈ nˆBLσ
eff
pγ rBLR ≃ 5.4× 10
−2 fcov,−1L
1/2
AD,46.5. (27)
The important fact is that this does not depend on Γ and
δt′ as long as the acceleration region is located inside the
BLR. For luminous QHBs, PeV neutrino production is
unavoidable for CRs propagating in the BLR. The disk
emission could be dominant if τsc & fcov.
Based on Ref. [26], the photomeson production effi-
ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be
fpγ ≃ 0.89 L
1/2
AD,46.5(TIR/500 K)
−1, (28)
where the dependence on LAD is similar to Eq. (27).
The pγ optical depth of the BLR and dust torus is
shown in Figs. 11 and 12. Again, we note that the
resulting curves are meaningful only when rb < rBLR
or rb < rDT. The broadline component is important
for QHBs, and the photomeson production efficiency is
∼ 0.1–1 for L5GHz ∼ 10
45–1047 erg s−1. For such lumi-
nous blazars, the dust component can deplete UHECR
protons and neutrons. This leads to an important con-
sequence about the possibility of radio-loud AGN as
UHECR sources. When the maximum energy of CRs
leaving the source E′maxp is defined as the critical energy
at which the effective optical depth is unity, one sees
E′
max
p ≪ E
′M
p for luminous QHBs (see Figs. 9, 10 and
12). Hence, even if luminous QHBs can be powerful CR
accelerators, they are difficult to be the sources of UHE-
CRs, and this is even the case for heavy nuclei since they
are disintegrated. Note that, while the photomeson pro-
duction becomes important at E′p & 10
9 GeV energies,
results on PeV neutrinos are not much affected by IR
photons from the dust torus.
For photohadronic interactions with broadline and IR
emission, assuming fpγ < 1, the neutrino spectrum is
roughly expressed by
E′νLE′ν ≈
3
8
fpγ(E
′
pLE′p)
×
{
(E′ν/E
′b
ν)
2
(for E′ν ≦ E
′b
ν)
(E′ν/E
′b
ν)
2−s
(for E′
b
ν < E
′
ν)
(29)
10
-3
-2
-1
 0
 1
 2
 3
 3  4  5  6  7  8  9  10  11  12
lo
g(τ
)
log(E’p [GeV])
log(L5GHz)=47log(L5GHz)=46log(L5GHz)=45log(L5GHz)=44log(L5GHz)=43
FIG. 11: Effective optical depth to the photohadronic pro-
cess (thick) and Bethe-Heitler pair production process (thin)
for CR protons propagating in the BLR.
which roughly agrees with the numerical spectra shown
in Figs. 9 and 10, in the PeV range. Note that IR pho-
tons from the dust torus lead to efficient production of
E′ν ∼ 0.1–1 EeV neutrinos. This feature can be more
clearly seen for s = 2.0 in Fig. 10. Thus, we conclude
that, except for luminous QHBs in which the highest-
energy protons are depleted due to the severe photo-
hadronic cooling, neutrino spectra should be quite hard
above PeV energies because of the IR emission from the
dust torus even if internal synchrotron photons do not
play a role.
Finally, for comparison, we discuss photohadronic in-
teractions in intergalactic space. Sufficiently high-energy
CRs escaping from the source can interact with the
cosmic microwave background (CMB) and extragalactic
background light (EBL). For the production of PeV neu-
trinos, interactions of CRs with the EBL in the UV range
are relevant, and the photomeson production efficiency
can similarly estimated to be
fpγ ≈ nˆEBLσ
eff
pγd ≃ 1.9× 10
−4 nˆEBL,−4d28.5, (30)
where nˆEBL ∼ 10
−4 cm−3 is the number of EBL pho-
tons [68] and d is the particle travel distance. Thus,
neutrino production in the BLR and dust torus is more
efficient than in intergalactic space provided CRs are ac-
celerated inside the BLR and dust torus.
IV. DIFFUSE INTENSITY
The diffuse neutrino intensity from extragalactic as-
trophysical sources is formally evaluated through the ex-
pression
Φν =
c
4piH0
∫ zmax
dz
1√
(1 + z)
3
Ωm +ΩΛ
×
∫
dLγ
dρ
dLγ
(Lγ , z)
LE′ν (Lγ)
E′ν
, (31)
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FIG. 12: Same as Fig. 11 for CR protons propagating in the
dust torus.
(see, e.g., [59]), where dρ/dLγ is the γ-ray luminosity
function of the sources (per comoving volume per lumi-
nosity) and zmax is the maximum value of the redshift z
for a given source class.
A. γ-ray luminosity function of blazars
In this work, we adopt the γ-ray luminosity func-
tion derived from the blazar sequence [34–36]. Recently,
the model was updated based on the Fermi data, in-
cluding anisotropy constraints on the diffuse γ-ray back-
ground [36]. This model is also consistent with the diffuse
γ-ray background intensity measured by Fermi. Also, the
γ-ray luminosity function used here is consistent with re-
sults obtained from the Fermi sample of blazars [69].
Based on the X-ray luminosity function, the γ-ray lu-
minosity function is parameterized as
dρ
dLγ
(Lγ , z) = k
dLX
dLγ
dρ
dLX
(LX , z), (32)
where
dρ
dLX
(LX , z) =
dρ
dLX
(LX , 0)f(LX , z), (33)
and k = 0.98× 10−6 is adopted [36]. Following Ueda et
al. [70], the X-ray luminosity function is expressed as
dρ
dLX
(LX , 0) =
AX
LX ln(10)
[(
LX
L∗X
)γ1
+
(
LX
L∗X
)γ2]−1
,
(34)
where AX = 5.04 × 10
−6 Mpc−3, L∗X = 10
43.94 erg s−1,
γ1 = 0.43, and γ2 = 2.23 [36]. Note that we use the low-
luminosity slope of γ1 < 1, which is also consistent with
not only Ueda et al. [70] but also recent results based on
the Fermi data. The redshift evolution factor is
f(LX , z) =
{
(1 + z)
p1 (z ≦ zc(LX))
(1 + zc(LX))
p1
(
1+z
1+zc(LX)
)p2
(zc(LX) < z),
(35)
11
where p1 = 4.23, p2 = −1.5, and
zc(LX) =
{
z∗c (La ≦ LX)
z∗c (LX/La)
α
(LX < La)
(36)
where z∗c = 1.9, La = 10
44.6 erg s−1 and α = 0.335.
As long as γ1 < 1, L
2
Xdρ/dLX has a peak around
L∗X . Also, the redshift evolution becomes maximized
at LX & La. Thus, in terms of the energy budget,
the most important contributions come from AGN with
LX ∼ 10
44–1045 erg s−1, which roughly corresponds to
QHBs with Lγ ∼ 10
48–1049 erg s−1. This feature is also
consistent with previous works [34, 36].
B. Cumulative neutrino background
Analytically, the diffuse neutrino intensity (summed
over all three flavors) is estimated to be [2, 27]
E2νΦν ∼
c
4piH0
3
8
min[1, fpγ ](EpLEp)ρfz, (37)
where fz is a factor that accounts for the redshift evolu-
tion of the sources. Note that QHBs evolve more strongly
than BL Lac objects, with fz ∝ (1 + z)
4.23
. Since QHBs
strongly evolve up to z ∼ 2, fz is larger than ∼ 3 that is
expected for the star-formation history, although the red-
shift evolution of BL Lac objects is much weaker [36, 69].
As noted in the previous section, PeV neutrinos are
mainly produced within the BLR by QHBs, which typ-
ically have luminosities of LX & 10
43.5 erg s−1. Also,
∼ 0.1–1 EeV neutrinos from IR photons are efficiently
produced in luminous QHBs. Recalling from Eqs. (27)
and (28) that fpγ ∝ L
1/2
AD for photohadronic interactions
with both of the broadline and IR radiation fields, as-
suming ρ ∝ L−γ+1X , we approximately expect that
E2νΦν ∝ fpγLcrρ ∝ fpγLradρ ∝ L
1/2
X L
−γ+1
X ∝ L
1.5−γ
X .
(38)
For γ1 = 0.43, we have E
2
νΦν ∝ L
1.07
X , while E
2
νΦν ∝
L−0.73X is obtained for γ2 = 2.23. Thus, as long as
γ1 < 1.5, most of the contributions to the diffuse neutrino
intensity come from QHBs with LX & 10
44–1045 erg s−1.
This conclusion holds even if we make hypothetically
assume that CRs can interact with broadline and IR
photons for less luminous BL Lac objects. We checked
that the results do not change within a factor of two for
γ1 = 0.93 and k = 1.5× 10
−6 [34].
In our model, it is possible to make a connection
with UHECRs. Blazars contributing to UHECRs are
more sensitive to γ1, and UHECRs would be dominated
by HSP BL Lac objects if γ1 > 1. However, we de-
fer such a detailed study since it needs the luminos-
ity function explaining the redshift distribution of HSP
BL Lac objects. Using ξcr, the local CR energy bud-
get (integrated over CR energies) by blazars is expressed
to be Qcr = ξcrQrad, where Qrad is the local radia-
tion budget by blazars. In our case, we have Qrad ∼
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). Note that the former value is motivated by the AGN-
UHECR hypothesis, where the CR energy injection rate is
normalized by the observed UHECR energy generation rate.
The atmospheric muon neutrino background is also shown
(dot-dashed).
4 × 1044 erg Mpc−3 yr−1 (larger at higher redshifts),
which is somewhat smaller than the realistic γ-ray en-
ergy budget Qγ ∼ 2× 10
45 erg Mpc−3 yr−1 [69, 71]. The
differential CR generation rate at 1019 eV is then written
as E′pQE′p |1019 eV = (ξcrQrad)/Rp|1019 eV, where Rp ∼ 20
andRp|1019 eV ∼ 840 for s = 2.3 (assuming ε
m
p ∼ 10 GeV
and εMp ∼ 10
9.5 GeV). Normalizing E′pQE′p |1019 eV by
the observed CR generation rate around 1019–1019.5 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Al-
though such values are smaller than those required for
the hypothesis that UHECRs come from GRBs [19, 60],
CR loading factors that achieve the observed neutrino
intensity level (ξcr ∼ 50–500) are actually larger.
Blazars with Lrad ∼ 10
48.5 erg s−1 have the X-ray disk
luminosity of LX ∼ 10
44.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be
E2νΦν ∼ 10
−8 GeV cm−2 s−1 sr−1 ξcr,2R
−1
p,2.5(fz/8)
×
(
min[1, fpγ ]
0.05
)
Lrad,48.5
(
ρ
10−11.5 Mpc−3
)
.(39)
Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [72]. As expected, with ξcr ∼ 30–300, it is
possible to have E2νΦν ∼ 3 × 10
−8 GeV cm−2 s−1 sr−1
at PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by Ice-
Cube. However, there are three issues. First, this model
cannot explain sub-PeV neutrino events. This is because
broadline emission leads to a low-energy cutoff in neu-
trino spectra around PeV energies. Also, both accretion-
disk and internal synchrotron emission components have
12
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin). Note that the former value is
motivated by the AGN-UHECR hypothesis.
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard at
sub-PeV energies, which appears to be incompatible with
observations. (In principle, lower-energy neutrinos could
be produced by assuming higher-temperature accretion
disks and τsc ∼ 1, but we expect hidden neutrino sources
as in the AGN core model, since multi-GeV γ rays can-
not escape.) Thus, for radio-loud AGN to explain the
excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [73, 74].
In our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [75] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy groups/clusters. Then,
it is natural to expect a spectral dip between the two com-
ponents, in the sub-PeV range. It would be premature
to study such possibilities, however, because the statistics
are not yet sufficient to discriminate between competing
scenarios.
The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s & 2.5, or maximum energies of
E′
max
p . 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [73]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.
The third issue is that the CR loading factor re-
quired to explain the PeV neutrino flux is larger than
that for UHECRs, although it seems less problematic
compared to the first and second issues. As seen in
Eq. (27), we found that the photomeson production ef-
ficiency is typically a few percent. Then, for redshift
evolution of blazars, the differential CR energy injection
rate to achieve E2νΦν ∼ 3 × 10
−8 GeV cm−2 s−1 sr−1
is E′pQE′p |1017 eV ∼ 1.5 × 10
44 fpγ,−1 erg Mpc
−3 yr−1.
This implies that the required CR loading factor is
ξcr ∼ 50–500, while the CR loading factor to explain
UHECRs is ξcr ∼ 3–50 or even lower. In our simple
setup, where fcov = 0.1 for the BLR and ξcr ∝ L
0
rad
are assumed, the former large values lead to overshoot-
ing the observed UHECR flux. Hence, the simple model
considered here has difficulty in explaining the neutrino
and UHECR data simultaneously, but more complicated
models might work. For example, CRs could lose their
energies via energy losses such as adiabatic cooling be-
fore leaving the sources. Or, the CR spectrum may be
convex or the maximum energy may be lower [73]. Sec-
ond, if ξcr somehow increases as Lrad, one could have
higher neutrino fluxes from QHBs without increasing the
UHECR flux. Third, possibly, fpγ may be higher due to
uncertainties of nˆBL and rBLR, and ξcr can be slightly
smaller. Although values of fcov & 0.5 seem unlikely,
more detailed measurements of nˆBL and rBLR with mul-
tiwavelength observations of FSRQs are relevant.
While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-
Cube signal is unexplained by the inner jet model. For
reasonably hard power-law spectra with s . 2.3, high-
energy neutrino emission is expected mainly in the PeV-
EeV range. Our results are very encouraging for next-
generation neutrino detectors such as ARA, ANITA-III
and ARIANNA, whose targets are 0.1–1 EeV neutrinos
rather than PeV neutrinos. If such very high-energy
neutrinos are detected, discrimination from cosmogenic
neutrinos will become relevant. As explained below,
however, source neutrinos from radio-loud AGN should
be strongly correlated with bright FSRQs detected by
Fermi. Hence, the on-source neutrinos can be distin-
guished from the off-source cosmogenic neutrinos.
Figs. 15 and 16 show the diffuse neutrino intensity for
different values of the γ-ray luminosity threshold Lthγ .
Most of the contributions to the cumulative neutrino
background for either s = 2.0 or s = 2.3 are produced by
luminous QHBs with Lγ & 10
48 erg s−1. Such luminous
blazars should easily be identified by Fermi. In Table 3
we list the number of blazars that can be detected by
Fermi with photon flux > 6×10−9 cm−2 s−1, correspond-
ing to the limiting sensitivity for five years of observation
with Fermi in the scanning mode — assuming the pho-
ton index 2.5 [42]. The flux limit is assumed to scale
as the inverse square root of the observation time. We
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FIG. 15: Cumulative neutrino background from radio-loud
AGN for s = 2.3 and ξcr = 100. Contributions from blazars
with different γ-ray luminosity thresholds, as given by the
legend, are shown. Neutrino emission from the BLR and dust
torus is shown.
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FIG. 16: Same as Fig. 15, but neutrino emission from the
blazar zone is shown.
find that blazers with LX ≥ 10
44.345 erg s−1 have photon
flux > 7 × 10−9 cm−2 s−1, so these blazars should be
resolved by Fermi. Thus, if blazars are the main origin
of the cumulative neutrino background, almost all the
∼ 1–100 PeV neutrinos may come from fewer than ∼ 80
blazars. If the diffuse neutrino intensity is mainly pro-
duced by radio-loud AGN, we predict a strong correla-
tion between observed neutrino events and known bright
QHBs. This is a clear and testable prediction of the inner
jet model for the origin of diffuse neutrinos.
One may ask whether the γ rays that accompany neu-
trino production violate the intensity of the diffuse γ-ray
background measured by Fermi [76]. As shown in Murase
et al. [9], the approximate Feynman scaling of pp inter-
actions leads to power-law secondary spectra stretching
from GeV energies, so the observed diffuse γ-ray back-
ground gives us powerful constraints on viable pp scenar-
ios that can explain the observed cumulative neutrino
background from astrophysical sources. On the other
hand, efficient photomeson production is expected only
for sufficiently high-energy protons, and the hadronically-
induced γ rays produced at PeV energies are significantly
TABLE III: Number of blazars that can be detected with
limiting integral > 100 MeV photon flux of 6×10−9 cm−2 s−1
with a photon index 2.5, during five years of observation by
Fermi in the scanning mode.
Lthγ [erg s
−1] LthX [erg s
−1] NAGN(> L
th
γ )
1045.740 1041.770 741
1045.983 1042.125 725
1047.116 1043.070 614
1048.298 1044.345 84
1049.276 1045.380 0.54
1049.995 1046.285 0
broadened via electromagnetic cascades both inside and
outside the source. Therefore, contrary to pp scenarios,
the diffuse γ-ray flux from photohadronic interactions
does not greatly exceed the total neutrino background
flux of E2νΦν ∼ 3 × 10
−8 GeV cm−2 s−1 sr−1 [9]. In
comparison, the 100 GeV diffuse γ-ray background of
E2γΦγ ∼ 10
−7 GeV cm−2 s−1 sr−1, and the cumulative
γ-ray intensity from all FSRQs resolved by Fermi is even
larger [69]. Thus, only a small fraction of the extragalac-
tic γ rays can be made by hadronic processes, which is
consistent with the standard leptonic scenario of blazars,
as considered here.
V. COMPARISON WITH OTHER
ASTROPHYSICAL POSSIBILITIES AND SOME
REMARKS
GRBs have also been extensively discussed as possible
sources of PeV neutrinos, starting with the seminal paper
by Waxman and Bahcall [17]. Prior to the completion of
IceCube, analytical estimates [62, 77] as well as numer-
ical studies that take into account multiple resonances,
multipion production, and cooling of mesons and muons,
were made both in the prompt (e.g., [60, 78]) and after-
glow [59, 79] phases. Based on stacking analyses, IceCube
has recently put an interesting constraint on prompt neu-
trino emission, which is . 10−9 GeV cm−2 s−1 sr−1 [80].
But, as independently pointed out by several groups [81],
while the results of the earlier numerical studies [60, 78]
are confirmed, it is not sufficient to rule out the hy-
pothesis that UHECRs come from GRBs due to sev-
eral caveats in the reference analytical model used in
the analysis [80]. Nevertheless, the experimental limit
itself is strong enough to argue that it is difficult for clas-
sical high-luminosity GRBs to explain the IceCube sig-
nal [4, 18]. On the other hand, different classes of GRBs,
including low-luminosity GRBs and ultralong GRBs are
allowed to explain the IceCube signal [21, 22].
A variety of classes of AGN (e.g., [15, 83]), GRBs, and
peculiar supernovae have been proposed as candidate ac-
celerators of CRs [84]. In addition to these compact CR
accelerators, CR “reservoirs” containing different types
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of CR sources, could also be sources of high-energy neu-
trinos. CRs can be confined for very long times in star-
forming and starburst galaxies, and in galaxy clusters
and groups, so these “CR reservoirs” are promising neu-
trino and γ-ray sources via pp interactions. Interestingly,
pre-IceCube models predicted a neutrino spectral break
coming from CR escape, and they can nicely explain
the present IceCube data within the astrophysical un-
certainty [11, 12]. In addition, we here point out that
the number of starburst galaxies with AGN is compara-
ble to that of starburst galaxies [85]. Thus, for starbursts
with AGN, CRs escaping from AGN jets could efficiently
interact with the interstellar medium, if the jets are dissi-
pated in the galaxy or many of the CRs can escape trans-
versely from the jets. Detailed studies focusing on star-
burst galaxies including those with AGN are presented
elsewhere, and PeV neutrino production is shown to be
possible [86]. These pp scenarios can be tested by ob-
servations of sub-PeV neutrinos with IceCube, and the
sub-TeV diffuse γ-ray background that is produced in
concert with the neutrinos, as well as TeV γ-ray observa-
tions of individual sources [9]. Note that their minimum
contribution to the diffuse γ-ray background is expected
to be ∼ 30% for star-formation rate evolution.
Higher-energy neutrino detectors such as ARA and
ARIANNA are more suitable for the purpose of detect-
ing very high-energy ∼ 0.1–1 EeV neutrinos. As in the
case of PeV neutrino discovery, the first detections may
be observed as diffuse emission, where competing pos-
sibilities must be considered for their origin. Indeed,
cosmogenic neutrinos give a diffuse neutrino intensity of
∼ 10−9–10−7 GeV cm−2 s−1 sr−1, depending on redshift
evolution models and the UHECR composition [87]. It is
also possible for on-source neutrino emission from blazars
to dominate over cosmogenic neutrino signals, as Figs. 13
and 14 show. This is the case if radio-loud AGN are
sources of UHECRs, and if the observed UHECRs are
mainly heavy nuclei rather than protons. The cosmo-
genic neutrino intensity should in this case be compa-
rable to the nucleus-survival bound [3], which is much
lower than the Waxman-Bahcall bound. An important
issue is then how to discriminate among various possi-
bilities. The inner jet model fortunately gives a strong
prediction, given that the high-energy neutrino intensity,
if from radio-loud AGN, is made primarily by only a few
dozens of bright and luminous FSRQs. So, the origin of
∼ 0.1–1 EeV neutrinos can also be tested by correlating
directional information of the high-energy neutrinos with
luminous FSRQs in the Fermi catalog.
Besides radio-loud AGN, neutrinos formed in GRB af-
terglows can also be strong emitters of ∼ 0.1–1 EeV
neutrinos [59, 79], assuming UHECRs can be accel-
erated at the external forward and reverse shocks.
In this case, the diffuse neutrino intensity can be ∼
10−9 GeV cm−2 s−1 sr−1 (see Fig. 12 in Ref. [59]). This
possibility can also be distinguished by stacking analy-
ses, taking into account space and time coincidence with
observed GRBs.
Finally, newborn pulsars may be possible sources of
UHECRs, where ∼ 0.1 EeV neutrinos should be de-
tected [82]. Since bright and luminous QHBs are im-
portant, the inner jet model can also be discriminated
from such the newborn pulsar scenario.
VI. SUMMARY AND DISCUSSION
In this work, we studied high-energy neutrino produc-
tion in the inner jets of radio-loud AGN, including effects
of external photon fields. The diffuse neutrino intensity
was obtained by characterizing the blazar SEDs assum-
ing the validity of the blazar sequence. Our findings are
summarized as follows:
(1) External radiation fields can play a major role
in PeV-EeV neutrino production, so they should not
be neglected. In particular, broadline emission is cru-
cial for PeV neutrino production. The typical photome-
son production efficiency in the BLR is ∼ 1–10%, inde-
pendent of Γ and δt′, provided that the CRs are well
above threshold and accelerated inside the BLR. Photo-
hadronic losses with IR photons from the dust torus com-
pete with acceleration to prevent acceleration of CRs to
E′p & 10
19 eV energies. Therefore luminous QHBs can-
not be sources of UHECR protons due to severe photo-
hadronic cooling. Photodisintegration interactions with
IR photons deplete heavy nuclei, so that production and
escape of UHECR nucleons is most likely to happen in
low-luminosity blazars, such as HSP BL Lac objects [27].
(2) In the blazar-sequence model, the main contribu-
tion to the cumulative neutrino background comes from
luminous QHBs (mainly FSRQs) rather than BL Lac ob-
jects. Interactions of ∼ 100 PeV CRs with BLR radia-
tion is unavoidable in models that assume acceleration
of high-energy CRs in the inner jets of FSRQs. We find
that the cumulative neutrino background from radio-loud
AGN will be dominated by dozens of blazars. The clear
prediction is that, if they are the main origin of the ob-
served diffuse neutrino intensity at∼ 1–100 PeV energies,
neutrino events should be correlated with luminous FS-
RQs. Future correlation studies can test the possibility
that radio-loud AGN are the main sources of the cumu-
lative neutrino background.
(3) Implications of the inner jet model for the IceCube
signal include the result that the neutrino spectra should
have a cutoff feature around PeV, or they should be quite
hard at sub-PeV energies. Because the inner jet model
has difficulty in explaining the IceCube signal at sub-
PeV energies, a different origin of sub-PeV neutrinos will
be required if the inner jets of blazars explain the PeV
neutrino events observed by IceCube.
(4) Thanks to IR emission from the dust torus and/or
internal synchrotron emission from the jet, for power-
law CR spectra, the resulting neutrino spectra are too
hard above PeV energies, so they are disfavored by the
IceCube data because of the larger neutrino-nucleon cross
section at these energies. If the CR spectra are described
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by a power law, which is reasonable for the explanation of
UHECRs, the CR spectral index should be steeper than
2.5, or have a maximum proton energy of . 100 PeV.
(5) The diffuse neutrino intensity formed by blazars
can be as high as E2νΦν ∼ 3 × 10
−8 GeV cm−2 s−1 sr−1
with ξcr ∼ 50–500. Given fpγ ∼ 0.01–0.1, the local
CR energy injection rate that can explain the observed
diffuse neutrino intensity should be larger than the ob-
served UHECR energy generation rate. This implies that
a simultaneous explanation of the neutrino and UHECR
data is not easy in the simple model, although it might
be possible by changing assumptions on parameters such
as fpγ , ξcr and s as well as introducing another compo-
nent for sub-PeV neutrinos. Low-luminosity GRBs (or
transrelativistic supernovae) have also been considered
as the origin of PeV neutrinos [19–21] and/or UHECRs,
and the required CR loading factor in the blazar inner
jet model (e.g., ξcr ∼ 50 for s = 2.0) is comparable to or
a bit larger than the values found in these GRB models.
This is because, even though the γ-ray energy budget of
blazars is larger than that of GRBs, their typical effective
pγ optical depth is modest, ∼ 1–10%, for PeV neutrinos.
(6) Whether the observed cumulative neutrino back-
ground in the PeV range is explained by the AGN inner
jet model or not, we emphasize that EeV neutrino obser-
vations are crucial to test the hypothesis that radio-loud
AGN are the main sources of UHECRs. Indeed, for rea-
sonable CR loading factors (e.g., ξcr = 3 for s = 2.0 or
ξcr = 100 for s = 2.3), the CR energy injection rate at
1019 eV is compatible with the UHECR energy budget
at that energy, and that detections of associated EeV
neutrinos are promising even in such more conservative
cases. Therefore, our results suggest that future higher-
energy neutrino detectors such as ARA and ARIANNA
should provide an indirect clue to testing the intriguing
AGN-UHECR scenario by detecting or failing to detect
∼ 0.1–1 EeV neutrinos from radio-loud AGN. However,
the connection between UHECRs and neutrinos is likely
to be nontrivial, since UHECRs mainly come from BL
Lac objects while neutrinos mostly come from QHBs. As
in PeV neutrinos, if the cumulative neutrino background
mainly comes from radio-loud AGN, the expected dif-
fuse neutrino intensity at ∼ 0.1 EeV energies should be
correlated with bright and luminous Fermi blazars.
Because of the limitations of the intensive numerical
treatment, we considered only specific parameter sets for
Γ and δt′. Although the neutrino production efficiency
in the blazar zone suffers from large astrophysical uncer-
tainty as in GRBs, it is less uncertain for neutrinos due to
radiation fields rom the BLR and dust torus. A parallel
treatment using a less accurate but faster semianalytic
model [73], which makes a parameter study feasible, con-
firms the conclusions found here. Finally, we note that
hadronic γ rays necessarily accompany photohadronic re-
actions, as we already discussed. In contrast to hadronic
models for blazar γ-ray emission [16], we assumed the lep-
tonic model with only a weak or subdominant hadronic
γ-ray component. This assumption can be verified by
comparing neutrino luminosity with Lγ in Figs. 2 and 9.
Nevertheless, the CR-induced γ-ray emission component
can produce a distinctive emission signature in the GeV-
TeV spectrum of blazars, and will be reported separately.
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Appendix A: Details of calculating photomeson
production and decay of pions and muons
Following Murase [59], we calculate the spectra of
mesons produced by photohadronic interactions, start-
ing from the expression
dnεpi
dt
=
∫ εmaxp
εminp
dεp nεp
∫ εmax
εmin
dε nε
∫
dΩ
4pi
dσpγξpi
dεpi
c˜, (A1)
where nεp and nε are the differential proton and pho-
ton densities, respectively, in the comoving frame, ξpi is
the pion multiplicity, and c˜ is the relative velocity be-
tween a proton and photon. We use experimental data
of photomeson production and take into account mul-
tipion production via GEANT4. As shown in previous
works [18, 60], improved analytical calculations reason-
ably agree with numerical results.
Neutrinos are produced via the decay of pi± → µ± +
νµ(ν¯µ) → e
± + νe(ν¯e) + νµ + ν¯µ. When pions decay by
pi± → µ± + νµ(ν¯µ), the spectrum of neutrinos from pion
decay is given by
nεν =
mpic
2ε∗ν0
∫ ∞
εminpi
dεpi
ppi
nεpi , (A2)
where ε∗ν0 =
(m2pi−m
2
µ)c
2
2mpi
, εminpi =
(ε∗ν/εν+εν/ε
∗
ν)mpic
2
2 . Simi-
larly, the spectrum of neutrinos from muon decay is given
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by the equation
nεν =
∫ ∞
εminµ
dεµ
1
cpµ
nεµ
∫ ε∗ν2
ε∗ν1
dε∗ν
1
ε∗ν
×[f0(ε
∗
ν)∓ cosθ
∗
νf1(ε
∗
ν)], (A3)
where ε∗ν1 = γµεν − (γ
2
µ − 1)
1/2
εν , ε
∗
ν2 = min[γµεν +
(γ2µ − 1)
1/2
εν , (m
2
µ − m
2
e)c
2/2mµ], f0(x) = 2x
2(3 − 2x)
and f1(x) = 2x
2(1 − 2x) for muon neutrinos, f0(x) =
12x2(1 − x), f1(x) = 12x
2(1 − x) for electron neutrinos,
x ≡ 2ε∗ν/mµc
2, and θ∗ν is the angle between the muon
spin and the direction of a neutrino. Strictly speaking,
θ∗ν can be affected by interactions of muons with photons
and matter inside astrophysical sources, but its influence
on spectra is small compared to the astrophysical uncer-
tainty. In this work, we solve kinetic equations for the
jet component to take into account cooling of mesons and
muons. Such losses are negligible in the BLR and dust
torus. When the fully polarized muons decay, integration
over x gives, in the βµ → 1 limit, the result [63]
nεν =
∫ 1
0
dy
1
y
∫ (m2pi/m2µ)εν/y
εν/y
dεpi
mpic
2ε∗ν0
1
ppi
nεpi
×[g0(y)∓ Pµ(y)g1(y)], (A4)
where g0(y) = (5/3)− 3y
2+(4/3)y3 and g1(y) = (1/3)−
3y2 + (8/3)y3 for muon neutrinos, g0(y) = 2− 6y
2 + 4y3
and g1(y) = −2+12y−18y
2+8y3 for electron neutrinos,
y ≡ εν/εµ, and Pµ is the muon polarization.
[1] M. Aartsen et al., Phys. Rev. Lett. 111, 021103 (2013);
M. Aartsen et al., Science 342, 1242856 (2013).
[2] E. Waxman and J. Bahcall, Phys. Rev. D 59, 023002
(1998).
[3] K. Murase and J. F. Beacom, Phys. Rev. D 81, 123001
(2010).
[4] R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi, and
K. Murase, Phys. Rev. D 88, 043009 (2013).
[5] F. Halzen, arXiv:1311.6350; E. Waxman,
arXiv:1312.0558; L. A. Anchordoqui et al.,
arXiv:1312.6587.
[6] L. A. Anchorodoqui et al., Phys. Rev. D, 89, 083003
(2014).
[7] M. Ahlers and K. Murase, arXiv:1309.4077.
[8] J. C. Joshi, W. Winter, and N. Gupta, Mon. Not. R.
Astron. Soc., 439, 3414 (2014).
[9] K. Murase, M. Ahlers, and B. C. Lacki, Phys. Rev. D 88,
121301(R) (2013).
[10] W. Winter, Phys. Rev. D 88, 083007 (2013).
[11] K. Murase, S. Inoue, and S. Nagataki, Astrophys. J. 689,
L105 (2008); K. Kotera, D. Allard, K. Murase, J. Aoi, Y.
Dubois, T. Pierog, and S. Nagataki, Astrophys. J. 707,
370 (2009).
[12] A. Loeb and E. Waxman, J. Cosmol. Astropart.
Phys. 05 (2006) 003; T. A. Thompson et al.,
arXiv:astro-ph/0608699.
[13] L. G. Sveshnikova, Astron. Astrophys. 409, 799 (2003);
H.-N. He, T. Wang, Y.-Z. Fan, S.-M. Liu, and D.-M. Wei,
Phys. Rev. D 87, 063011 (2013); R.-Y. Liu, X.-Y. Wang,
S. Inoue, R. Crocker, and F. Aharonian, arXiv:1310.1263.
[14] K. Murase, T. A. Thompson, B. C. Lacki, and J. F. Bea-
com, Phys. Rev. D 84, 043003 (2011).
[15] F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers,
Phys. Rev. Lett. 66, 2697 (1991); J. Alvarez-Mun˜iz and
P. Me´sza´ros, Phys. Rev. D 70, 123001 (2004).
[16] K. Mannheim, Astropart. Phys. 3, 295 (1995); F. Halzen
and E. Zas, Astrophys. J. 488, 669 (1997); A. Mu¨cke,
R. J. Protheroe, R. Engel, J. P. Rachen, and T. Stanev,
Astropart. Phys. 18, 593 (2003).
[17] E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78, 2292
(1997).
[18] R.-Y. Liu and X.-Y. Wang, Astrophys. J. 766, 73
(2013); K. Asano and P. Me´sza´ros, Astrophys. J. 785,
54 (2014); P. Baerwald, M. Bustamante, and W. Winter,
arXiv:1401.1820.
[19] K. Murase, K. Ioka, S. Nagataki, and T. Nakamura, As-
trophys. J. 651, L5 (2006).
[20] N. Gupta and B. Zhang, Astropart. Phys. 27, 386 (2007).
[21] K. Murase and K. Ioka, Phys. Rev. Lett. 111, 121102
(2013).
[22] I. Cholis and D. Hooper, J. Cosmol. Astropart. Phys. 06
(2013) 030.
[23] C. D. Dermer, “Astrophysics at Very High Energies,”
Saas-Fee Advanced Course (Springer-Verlag: Berlin) 40,
225 (2013), arXiv:1202.2814.
[24] C. M. Urry and P. Padovani, Pub. Astron. Soc. Pacific
107, 803 (1995).
[25] A. M. Atoyan and C. D. Dermer, Phys. Rev. Lett. 87,
221102 (2001); Astrophys. J. 586, 79 (2003).
[26] C. D. Dermer, K. Murase, and H. Takami, Astrophys. J.
755, 147 (2012).
[27] K. Murase, C. D. Dermer, H. Takami, and G. Migliori,
Astrophys. J. 749, 63 (2012).
[28] M. Bo¨ttcher, in Fermi Meets Jansky—AGN at Radio and
Gamma-Rays, ed. T. Savolainen, E. Ros, R. W. Porcas,
and J. A. Zensus, 41 (2010), arXiv:1006.5048.
[29] G. Fossati, L. Maraschi, A. Celotti, A. Comastri, and G.
Ghisellini, Mon. Not. R. Astron. Soc. 299, 433 (1998).
[30] H. Kubo, T. Takahashi, G. Madejski, M. Tashiro, F.
Makino, S. Inoue, and F. Takahara, Astrophys. J. 504,
693 (1998).
[31] D. Donato, G. Ghisellini, G. Tagliaferri, G. Fossati, As-
tron. Astrophys. 375, 739 (2001).
[32] G. Ghisellini, and F. Tavecchio, Mon. Not. R. Astron.
Soc. 387, 1669 (2008).
[33] L. Maraschi, L. Foschini, G. Ghisellini, F. Tavecchio, and
R. M. Sambruna, Mon. Not. R. Astron. Soc. 391, 1981
(2008).
[34] Y. Inoue and T. Totani, Astrophys. J. 702, 523 (2009).
[35] Y. Inoue, T. Totani, and M. Mori, Pub. Astron. Soc.
Japan 62, 1005 (2010).
[36] K. N. Abazajian, S. Blanchet, and J. P. Harding, Phys.
Rev. D 84, 103007 (2011). J. P. Harding and K. N.
Abazajian, J. Cosmol. Astropart. Phys. 11 (2012) 26.
17
[37] P. Allision et al., Astropart. Phys. 35, 457 (2012).
[38] S. W. Barwick, J. Phys. Conf. Ser. 60, 276 (2007).
[39] P. W. Gorham et al., Astropart. Phys. 32, 10 (2009).
[40] P. W. Gorham, F. E. Baginski, P. Allison, K. M. Liewer,
C. Miki, B. Hill, and G. S. Varner, Astropart. Phys. 35,
242 (2011).
[41] C. D. Dermer and R. Schlickeiser, Astrophys. J. 575, 667
(2002).
[42] A. A. Abdo et al., Astrophys. J. 715, 429 (2010); M.
Ackermann et al., Astrophys. J. 743, 171 (2011). The
technical definition of high-synchrotron peaked (HSP) is
that the frequency of the peak of the νFν blazar SED is
> 1015 Hz. Most TeV-emitting BL Lac objects are HSP
blazars. Low-synchrotron peaked (LSP) blazars have νFν
peak frequency < 1014 Hz.
[43] P. Padovani and P. Giommi, Astrophys. J. 444, 567
(1995); P. Giommi, et al., Mon. Not. R. Astron. Soc.
420, 2899 (2012).
[44] G. Ghisellini, F. Tavecchio, L. Foschini, G. Ghirlanda,
L. Maraschi, and A. Celotti, Mon. Not. R. Astron. Soc.
402, 497 (2010).
[45] N. I. Shakura and R. A. Sunyaev, Astron. Astrophys. 24,
337 (1973).
[46] A. Maselli, E. Massaro, R. Nesci, S. Sclavi, C. Rossi, and
P. Giommi, Astron. and Astrophys. 512, A74 (2010).
[47] E. Lusso et al., Astron. Astrophys. 512, A34 (2010).
[48] M. Elvis et al., Astrophys. J. Sup. 95, 1 (1994).
[49] H. Netzer, New Astron. Rev. 52, 257 (2008).
[50] R. D. Blandford and A. Levinson, Astrophys. J. 441, 79
(1995).
[51] F. Tavecchio, M. Roncadelli, G. Galanti, and G. Bonnoli,
Phys. Rev. D 86, 085036 (2012).
[52] V. D’Elia, P. Padovani, and H. Landt, Mon. Not. R. As-
tron. Soc. 339, 1081 (2003); H. T. Liu and J. M. Bai,
Astrophys. J. 653, 1089 (2006).
[53] M. Cerruti, C. D. Dermer, B. Lott, C. Boisson, and A.
Zech, Astrophys. J. 771, L4 (2013); C. D. Dermer, M.
Cerruti, B. Lott, C. Boisson, and A. Zech, Astrophys. J.
782, 82 (2014).
[54] F. Tavecchio and G. Ghisellini, Mon. Not. R. Astron.
Soc. 386, 945 (2008).
[55] S. F. Ho¨nig and T. Beckert, Mon. Not. R. Astron. Soc.
380, 1172 (2007).
[56] K. Cleary, C. R. Lawrence, J. A. Marshall, L. Hao, and
D. Meier, Astrophys. J. 660, 117 (2007).
[57] M. Kishimoto et al., Astron. Astrophys. 527, A121
(2011); M. Kishimoto et al., Astron. Astrophys. 536, A78
(2011).
[58] M. P. Malmrose, A. P. Marscher, S. G. Jorstad, R.
Nikutta, and M. Elitzur, Astrophys. J. 732, 116 (2011).
[59] K. Murase, Phys. Rev. D 76, 123001 (2007).
[60] K. Murase and S. Nagataki, Phys. Rev. D 73, 063002
(2006); K. Murase, K. Ioka, S. Nagataki, and T. Naka-
mura, Phys. Rev. D 78, 023005 (2008).
[61] F. W. Stecker, Phys. Rev. Lett. 21, 1016 (1968).
[62] J. P. Rachen and P. Me´sza´ros, Phys. Rev. D 58, 123005
(1998).
[63] T. K. Gaisser, Cosmic Rays and Particle Physics (Cam-
bridge University Press, Cambridge, England, 1990).
[64] R. J. Kraft et al., Astrophys. J. 592, 129 (2003); M. J.
Hardcastle et al., Astrophys. J. 593, 169 (2003).
[65] J. H. Croston and M. J. Hardcastle, arXiv:1312.5183.
[66] W. Essey and A. Kusenko, Astropart. Phys. 33, 81
(2010); W. Essey, O. E. Kalashev, A. Kusenko, and J.
F. Beacom, Phys. Rev. Lett. 104, 141102 (2010).
[67] O. E. Kalashev, A. Kusenko, and W. Essey, Phys. Rev.
Lett. 111, 041103 (2013).
[68] P. Madau and L. Pozzetti, Mon. Not. R. Astron. Soc.
312, L9 (2000); T. Totani et al., Astrophys. J. 550,
L137 (2001); G. G. Fazio et al., Astrophys. J. Suppl.
154, 39 (2004); R. C. Keenan, A. J. Barger, L. L. Cowie,
and W. H. Wang, Astrophys. J. 723, 40 (2010); Y. Mat-
suoka, N. Ienaka, K. Kawara, and S. Oyabu, Astrophys.
J. 736, 119 (2011); S. Matsuura et al., Astrophys. J. 737,
2 (2011); A. Abramowski et al., Astron. Astrophys., 550,
A4 (2012); K. Tsumura, T. Matsumoto, S. Matsuura, I.
Sakon, and T. Wada, Pub. Astron. Soc. Japan, 65, 121
(2013).
[69] M. Ajello et al., Astrophys. J. 751, 108 (2012). M. Ajello
et al., Astrophys. J. 780, 73 (2014). M. Di Mauro et al.,
Astrophys. J. 129, 12 (2014).
[70] Y. Ueda, M. Akiyama, K. Ohta, and T. Miyaji, Astro-
phys. J. 598, 886 (2003).
[71] C. D. Dermer and S. Razzaque, Astrophys. J. 724, 1366
(2010).
[72] R. Abbasi et al., Phys. Rev. D 83, 012001 (2011).
[73] C. D. Dermer, K. Murase, and Y. Inoue, arXiv:1406.2633.
[74] H.-N. He, R.-Z. Yang, Y.-Z. Fan, and D.-M. Wei,
arXiv:1307.1450.
[75] R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D
78, 043005 (2008).
[76] A. A. Abdo et al., Phys. Rev. Lett. 104, 101101 (2010);
M. Ackermann, in 4th Fermi Symposium, 2012.
[77] D. Guetta, D. Hooper, J. Alvarez-Mun˜iz, F. Halzen, and
E. Reuveni, Astropart. Phys. 20, 429 (2004).
[78] C. D. Dermer and A. Atoyan, Phys. Rev. Lett. 91, 071102
(2003); K. Asano, Astrophys. J. 623, 967 (2005).
[79] E. Waxman and J. Bahcall, Astrophys. J. 541, 707
(2000); Z. G. Dai and T. Lu, Astrophys. J. 551, 249
(2001); C. D. Dermer, Astrophys. J. 574, 65 (2002); S.
Razzaque, Phys. Rev. D 88, 103003 (2013).
[80] R. Abbasi et al., Nature (London) 484, 351 (2012).
[81] Z. Li, Phys. Rev. D 85, 027301 (2012); S. Hu¨mmer, P.
Baerwald, and W. Winter, Phys. Rev. Lett. 108, 231101
(2012); H.-N. He, R.-Y. Liu, X.-Y. Wang, S. Nagataki,
K. Murase, and Z.-G. Dai, Astrophys. J. 752, 29 (2012).
[82] K. Murase, P. Me´sza´ros, and B. Zhang, Phys. Rev. D 79,
103001 (2009); K. Fang, K. Kumiko, K. Murase, and A.
V. Olinto, arXiv:1311.2044.
[83] P. Padovani, G. Ghisellini, A. C. Fabian, and A. Celotti,
Mon. Not. R. Astron. Soc. 260, L21 (1993).
[84] K. Kotera and A. V. Olinto, Annu. Rev. Astron. Astro-
phys. 49, 119 (2011).
[85] C. M. Casey et al., Astrophys. J. 761, 139 (2012); C.
Gruppioni et al., Mon. Not. R. Astron. Soc. 432, 23
(2013).
[86] I. Tamborra, S. Ando, and K. Murase, arXiv:1404.1189.
[87] V. Berezinsky and G. Zatsepin, Phys. Lett. B 28, 423
(1969); S. Yoshida and M. Teshima, Prog. Theor. Phys.
89, 833 (1993); R. Engel, D. Seckel, and T. Stanev, Phys.
Rev. D 64, 093010 (2001); H. Takami, K. Murase, S.
Nagataki, and K. Sato, Astropart. Phys. 31, 201 (2009);
M. Ahlers, L. A. Anchordoqui, and S. Sarkar, Phys. Rev.
D 79, 083009 (2009); K. Kotera, D. Allard, and A. V.
Olinto, J. Cosmol. Astropart. Phys. 10 (2010) 013.
[88] M. Aartsen et al., arXiv:1405.5303.
